). RESULTS: After adjustment for potential confounding factors, baseline GI was associated with increased change in FMI. Mean (95% confidence interval) values of changes in FMI according to tertiles of baseline GI were 0.41 (0.25, 0.57), 0.42 (0.26, 0.58) and 0.67 (0.51, 0.83) kg m À 2 , respectively (P for trend ¼ 0.03). There was no significant association of baseline GI with changes in other body composition measures (P for trendX0.054). Conversely, baseline GL showed no association with changes in any of the measures (P for trendX0.41). Furthermore, changes in GI or GL were not associated with changes in any of the measures (P for trendX0.16). CONCLUSION: Dietary GI at age 12 years was independently associated with increased change in FMI between ages 12 and 15 years in a representative sample from Northern Ireland, whereas dietary GL showed no association with changes in any of the body composition measures examined.
INTRODUCTION
Obesity is one of the major public health problems worldwide. As established obesity is difficult to treat successfully, primary prevention should preferably start early in life. Adolescence is a critical period in the development of obesity. 1 Furthermore, adolescent obesity has been shown to reduce health-related quality of life, 2, 3 and is also associated with several risk factors for later chronic diseases. 4, 5 It is also well established that body mass index (BMI) tracks substantially from adolescence to adulthood. 6, 7 Therefore, there has been an increasing interest in identifying modifiable lifestyle factors that contribute to obesity in adolescence.
Recently, the role of carbohydrate quality and quantity as assessed by glycemic index (GI) and glycemic load (GL) in promoting obesity has received considerable attention. A diet with a low GI or GL, due to the slower blood glucose and insulin response following consumption, is hypothesized to stimulate increased satiety and reduce voluntary energy intake (EI), 8 reduce fat storage by regulating fuel partitioning, 9 limit the decrease of resting energy expenditure in the fasting state, 10 and in turn prevent the accumulation of body fat. 11 Only a limited number of studies have examined the association between dietary GI and GL and adiposity measures in free-living adolescents. [12] [13] [14] [15] [16] [17] A crosssectional study in Australian adolescents aged 13-15 years showed a positive association between high waist circumference and dietary GL, but not GI. 13 In addition, a Danish cross-sectional study found that higher dietary GI and GL were related to a higher sum of skinfold thicknesses; however, this association was only seen in 16-year-old boys, but not in 10-year-old boys or 10-or 16-year-old girls.
14 Dietary GL, but not GI, was associated with the risk of overweight in Japanese boys (but not girls) aged 12-15 years. 15 Conversely, no association was observed in a cross-sectional study of overweight Latino youth aged 10-17 years. 12 A series of prospective analyses in German adolescents also provided null findings. 16, 17 Given the diversity of the associations of dietary GI and GL with adiposity measures, probably because of cultural differences in food habits 18, 19 and different measures of adiposity applied, [12] [13] [14] [15] [16] [17] in addition to its cross-sectional design of many of the studies, more robust studies based on a prospective design are needed to clarify this issue.
Therefore, the aim of this prospective study was to explore the associations of dietary GI and GL with changes in a range of body composition measures in a representative sample of Northern Irish adolescents aged 12 years at baseline and subsequently 15 years.
SUBJECTS AND METHODS

Survey design and study population
The present analysis was based on data from the Northern Ireland Young Hearts Study. Detailed descriptions of the rationale, design, recruitment of the participants and methods of the study have been published elsewhere. [20] [21] [22] Briefly, the baseline survey was conducted in [1989] [1990] . The sampling procedure was designed to select a 2% representative sample of school children aged 12 and 15 years in Northern Ireland. A total of 1015 school children participated (response rate: 78%). Examining the reasons for non-participation showed no recognizable pattern for nonparticipation likely to influence the validity of the random nature of the sample. 20 In 1992-1993, the original 12-year-old group (then aged 15 years; n ¼ 509) was invited to take part in the follow-up survey and 455 children agreed to participate (follow-up rate: 89%). The present analysis was based on 426 children for whom complete data on the variables of interest were available (208 boys and 218 girls). The subjects included in the analysis (n ¼ 426) did not differ from those excluded from the analysis (n ¼ 62-83 depending on the variables) in terms of basic, dietary and anthropometric characteristics at baseline (data not shown). Ethical approval was obtained from the Medical Ethical Committee of the Queen's University Belfast. Written informed consent was obtained from each subject's parent or guardian.
Anthropometric measurements
At baseline and follow-up, height (to the nearest 0.1 cm) and weight (to the nearest 0.1 kg) were measured while subjects wore light indoor clothes and no shoes. BMI was calculated as weight (kg) divided by the square of height (m 2 ), and converted age-and sex-specific z-score according to British growth-reference data. 23 Overweight (including obesity) was defined not only according to values proposed by the International Obesity Task Force, which correspond to an adult BMI of X25 kg m À 2 , 24 but also to a BMI X85th percentile of the growth-reference data. 23 Skinfold thicknesses (to the nearest 0.1 cm) were measured at four sites on the dominant side of the body (mid-biceps, mid-triceps, supra-iliac and subscapular). Two measurements were taken at each site and the average was recorded; the sum of four skinfold thicknesses (S4SF) was calculated.
Percentage body fat (%BF) was calculated from S4SF using a published equation. 25 Fat mass was then calculated: fat mass (kg) ¼ weight (kg) Â %BF/100. Fat mass index (FMI) was calculated as fat mass (kg) divided by the square of height (m 2 ). Fat-free mass index (FFMI) was also calculated as fat-free mass (that is, weight minus fat mass (kg)) divided by the square of height (m 2 ). These measures have been used in addition to BMI, because they provide additional information about fat mass and fatfree mass, regardless of stature, and are expressed in units common to BMI. 26 Dietary assessment and calculation of dietary GI and GL At baseline and follow-up, dietary data were collected by a diet history method with open-ended interview. 27 In the age groups under study, this approach has been shown to produce more valid estimates of EI at the group level than do 7-day weighed food records against total energy expenditure measured by the doubly labeled water method. 28 Detailed descriptions of the diet history interview were previously described. 21 Briefly, interviews were conducted by trained nutritionists in a one-to-one setting. Each interview took approximately 1 h to complete. Information was obtained on the habitual weekly meal and snack consumption of the subject. A standardized form was used to record meals and snacks, portion size, and frequency of eating. The initial part of the interview involved establishing the content of meals and snacks for a typical week. Weekdays and weekend days were investigated separately. The second part was concerned with the quantification of food intake. Portion sizes were estimated by using a variety of methods, including a photographic food atlas (172 photographs) of known portion sizes, measuring spoons and other household measures. Finally, a review of the information was obtained, with particular emphasis on probing for foods that had not been mentioned. Estimates of daily intake for foods, energy and nutrients were calculated on the basis of McCance and Widdowson's Composition of Foods, 29 and other data where applicable. Values of nutrient and food intake were energy-adjusted using the density method (that is, % of energy for energy-providing nutrients and amount per 10 MJ of energy for dietary fiber and foods).
To calculate dietary GI and GL, GI values were assigned to individual food items (n ¼ 751) in the dietary data, according to the following strategy developed on the basis of previous studies. [30] [31] [32] GI values were obtained from the latest international table of GI. 33 Glucose was used as the reference (GI for glucose ¼ 100).
Step 1. Determine if the item has o0.5 g of carbohydrate (sum of sugars and starch) per 100 g. If yes, assign a GI value of 0 (n ¼ 161; 21.4%). If no;
Step 2. Determine if there is a direct link to a food in the international GI table. If yes, assign that GI value (n ¼ 139; 18.5%). If no;
Step 3. Determine if there is a closely related food (based on macronutrient and fiber content) in the international GI table. If yes, assign that GI value (n ¼ 332; 44.2%). If no;
Step 4. Determine if the median GI value of the food subgroup is available. If yes, assign the median GI value of the subgroup (n ¼ 14; 1.9%). If no;
Step 5. Determine if the item is categorized to one of the following: vegetables, dairy products, sauce, dressing, alcoholic beverages and flour. If yes, assign the following nominal GI value: 31, 33 40 for vegetables, 30 for dairy products, 60 for sauce, 30 for dressing, 65 (GI of sucrose) for alcoholic beverages and the GI of bread made from same flour for flour (n ¼ 96; 12.8%). If no;
Step 6. Determine if the item is categorized to one of the following: fats, egg, fish, meat, tea, coffee, spice and sugar-free foods or beverages. If yes, assign the nominal GI value of 0 (n ¼ 6; 0.8%). If no;
Step 7. Assign a nominal GI value of 50 (n ¼ 3; 0.4%).
Where possible, foods were given GI values that were derived from groups of eight or more healthy subjects with an appropriate methodology (that is, Table A1 in the international GI table) (n ¼ 746; 99.3%). If the only relevant value was available from studies in subjects with diabetes or impaired glucose metabolism, from studies using too few subjects, or showing wide variability (that is, Table A2 in the international GI table), this value was used. If more than one eligible GI value was available for a given food, we assigned the mean of the GI values. Dietary GL was calculated by multiplying the GI value of each individual food item by the amount (g) of carbohydrate consumed from that food item, and then summing the products divided by 100. Dietary GI was calculated by dividing dietary GL by total amount (g) of carbohydrate consumed, and then multiplying this value by 100. We used crude values for dietary GI and energy-adjusted values by the density method (per 10 MJ) for dietary GL. 15 
Assessment of other variables
At baseline and follow-up, information on the following variables was obtained. Smoking status was assessed by a confidential self-report questionnaire. Smokers were defined as those reporting smoking one or more cigarettes per week. Physical activity data were obtained by a selfreport questionnaire. 34 The extent of daily participation in activities that were based on a typical school day was assessed, and a total physical activity score was computed, ranging from 1 to 100. We calculated each subject's estimated energy requirement (EER), based on age, weight, height and physical activity (four categories defined as quartiles of physical activity score), with the use of sex-, age-and weight status-specific equations. 35 Misreporting of EI was defined as the ratio of EI to EER (EI:EER). The pubertal status of each subject was assessed by direct observation by a pediatrician using a modified Tanner score, 36 and subjects were classified as prepubertal (stage 1), early pubertal (stages 2 and 3) or late pubertal (stages 4 and 5) based on pubic hair development. Maternal height and weight were self-reported by mothers (at baseline), from which the maternal BMI (kg m À 2 ) was calculated.
Statistical analysis
All statistical analyses were performed using SAS statistical software (version 9.2, SAS Institute Inc, Cary, NC, USA). Distributions of data were evaluated; for skewed variables (that is, baseline BMI, S4SF, FMI and FFMI), natural log transformed values were used. Separate analyses for boys and girls showed similar patterns of associations, and tests for interaction with sex were not significant (PX0.31). Results are therefore presented for both sexes combined (including sex as a confounding factor). Data are presented as mean (s.d.) or median (interquartile range) for continuous variables and percentages of subjects for categorical variables. Mean differences in body composition measures and dietary characteristics between baseline and follow-up were tested by the paired t-test (or Wilcoxon's signed-rank test). Change in body composition measures and dietary characteristics between baseline and follow-up was calculated as follow-up minus baseline values.
In the present study, the dependent variables were changes in body composition measures, while the independent variables were baseline GI and GL (prospective analysis) and changes in GI and GL (concurrent analysis). GI and GL variables were categorized at tertile points on the basis of distribution. Differences in selected characteristics according to tertiles of GI or GL were examined using a Mantel-Haenszel w 2 test for categorical variables and general linear models for continuous variables. Associations of intakes of energy and selected nutrients and foods with GI and GL were investigated using Spearman correlations.
With the use of the PROC GLM procedure, multivariate-adjusted mean (with 95% confidence interval) values for changes in body composition measures were calculated according to tertiles of baseline GI and GL (prospective analysis) and changes in GI and GL (concurrent analysis). Trends of associations were assessed by a linear regression model in which GI or GL was modeled as a continuous variable with the use of the median value of each tertile. Potential confounding factors included were sex; pubertal status, maternal BMI, physical activity score and EI:EER at baseline; baseline body composition values; baseline intakes of protein and dietary fiber; and smoking status and physical activity score at follow-up. For the analysis of GI, baseline intake of total fat was also included. For concurrent analysis, baseline GI or GL, changes in intakes of the above-mentioned nutrients, and EI:EER at follow-up were also included. Smoking status at baseline was not considered, as almost all subjects were defined as nonsmokers (98%). Pubertal status at follow-up was not considered, as almost all subjects (95%) were beyond the peak pubertal period (Tanner stages 4 or 5). All reported P-values are two-tailed, and P-values of o0.05 were considered statistically significant.
RESULTS
During the study period (age 12 years at baseline and 15 years at follow-up), BMI, BMI z-score, FMI and FFMI increased, while there was no difference in S4SF or %BF (Table 1) . Percentages of overweight subjects at baseline and follow-up, respectively, were 17.1% and 16.7% according to the International Obesity Task Force cutoffs 24 and 24.4% and 28.6% with the use of the British growth-reference data. 23 About one-fifth of the subjects (21.1%) reported being smokers at follow-up. In terms of dietary intake, increases were observed for energy, protein and GI, whereas decreases were observed for carbohydrate and GL during the study period, with no change in fat and fiber (Table 1) Baseline characteristics of subjects according to tertiles of baseline GI and GL are shown in Tables 2 and 3 , respectively. Higher GI was associated with male sex and lower %BF, whereas higher GL was associated with lower S4SF, %BF and FMI. There was no association between baseline GI or GL and smoking status or physical activity score at follow-up (data not shown). In addition, there was no association between changes in GI or GL and baseline characteristics, smoking status, physical activity score, or EI:EER at follow-up (data not shown).
Associations between dietary GI and GL and intake of energy, nutrients and foods are shown in Table 4 . Baseline GI was positively associated with starch and negatively with protein and total sugars. For foods, baseline GI was positively associated with breads; vegetables; potatoes; and tea, coffee and water, and negatively with biscuits, cakes and pastries; other cereals; dairy products; egg and egg dishes; fruit; fruit juice; and nuts and seeds. However, change in GI was positively associated with changes in polyunsaturated fatty acids, starch and fiber, and negatively with total fat, saturated and monounsaturated fatty acids, and total sugars. For foods, change in GI was positively associated with breads; breakfast cereals; other cereals; vegetables; and potatoes, and negatively with biscuits, cakes and pastries; fruit; and fruit juice. Baseline GL showed positive associations with all carbohydrate nutrients including fiber and negative associations with all non-carbohydrate nutrients. At the food level, baseline GL showed positive associations with breakfast cereals; vegetables; potatoes; sugar, preserves and confectionery; and soft drinks, and negative association with dairy products; egg and egg dishes; meat and meat products; and fruit juice. Associations between change in GL and changes in dietary intake were similar to those between baseline GL and baseline dietary intake, except for no association for fiber and fruit juice, positive association for breads, and negative association for fish and fish dishes. Table 5 shows the associations of dietary GI and GL with changes in body composition measures. After adjustment for potential confounding factors, baseline GI was positively associated with change in FMI (P for trend ¼ 0.03). There was no significant association of baseline GI with changes in other body composition measures. Conversely, baseline GL showed no association with changes in any of the measures. Furthermore, changes in GI or GL were not associated with change in any of the measures.
DISCUSSION
We found that dietary GI, but not GL, at age 12 years was independently and positively associated with change in FMI between ages 12 and 15 years in a representative sample of adolescents in Northern Ireland. Conversely, changes in GI or GL were not associated with concurrent changes in any of the body composition measures. To our knowledge, this is the first study showing a prospective association between dietary GI and change in FMI in adolescents. 
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There is a paucity of prospective studies on dietary GI and GL in relation to body composition measures. 16, 17, 19, [37] [38] [39] In German adolescents who were assessed at the onset of puberty (baseline; mean age: 9 years) and followed after 4 years, dietary GI or GL was not associated with BMI z-score or %BF estimated from skinfold thicknesses, whether prospectively or concurrently. 16 In the same data set, dietary GI or GL during puberty (9-15 years) was not associated with BMI or %BF in young adulthood (18-25 years). 17 Null associations were also observed in the same population assessed between ages 2 and 7 years. 37 These observations are at variance with the main finding of the present study, where dietary GI at age 12 years was positively associated with change in FMI between ages 12 and 15 years. The results in adult populations are also inconsistent. A US study showed that dietary GI, but not GL, was associated with 1-year change in BMI, 38 while a positive association between dietary GI, but not GL, and 6-year weight gain was observed in only a subgroup (sedentary women) of Danes. 39 Heterogeneous (positive, null and negative) associations between dietary GI and GL and changes in weight and waist (2-13 years of follow-up) have also been reported in a study conducted in five European countries. 19 These discrepant findings may be, at least partly, explained by differences in the characteristics and lifestyles of the populations examined, dietary assessment methods used, body composition measures applied, and potential confounding factors considered. Alternatively, the differences may be, at least in part, due to differences in underlying dietary intake patterns. As was observed here, previous studies generally showed that dietary GL was associated strongly with carbohydrate intake, whereas dietary GI was associated with not only higher intake of major carbohydrate-rich foods (for example, breads and potatoes), but also lower intake of other foods with low or non-carbohydrate content (for example, fruit and dairy products). 18, [40] [41] [42] However, the strength and direction of the associations of dietary GI and GL with each of the food groups and nutrients varied considerably in different contexts of food cultures. 18, [40] [41] [42] Thus, the association between dietary GI and GL and body composition measures may be a function of the combination of foods consumed. 
In contrast to our prospective analysis where baseline GI (but not GL) was associated with change in FMI, our concurrent analysis showed no associations between GI (or GL) and body composition measures. However, a straightforward interpretation for the concurrent analysis is difficult. For example, as both dietary intakes and body composition measures are time-dependent variables, we cannot determine whether body composition measures changed in response to diet or body composition changes led to changes in diet. 43 There is also a possibility that body composition changes may lead to changes in self-reporting of diet (that is, misclassification of dietary intake that is dependent on body composition measures). 43 At least in this context, a prospective analysis may be superior to a concurrent analysis, as the former is less prone to reverse causation and bias caused by dietary misreporting.
It is unclear why there was a positive association with FMI for dietary GI only but not GL in the present prospective analysis. It is possible that only the quality of dietary carbohydrate is important rather than both quality and quantity, at least in the present population. Alternatively, the effect of dietary GI may be, at least partly, due to the overall dietary patterns associated with GI, 18, 40, 42 because dietary GI, unlike GL, seems to reflect more dimensions of diet than just carbohydrates, such as the combination of foods consumed. 42 Nonetheless, as dietary GL was strongly correlated with carbohydrate and dietary fat, which was also observed in previous studies, 15, 19, 40 any effects of dietary GL cannot be separated from those of macronutrient composition and overall diet quality in this observational study. However, a repeated analysis using each of the other dietary variables (that is, fat, carbohydrate, protein or fiber) as an independent variable instead of dietary GI or GL showed no association with any of the body composition measures (data not shown).
Although we found a positive association between baseline GI and FMI, baseline GI was not associated with any of other body composition measures. As BMI reflects not only body fatness, but also the relative length of the legs, body frame size and fat-free body mass, 44 subjects with similar BMI do not necessarily have the same amount of body fat, suggesting the importance of dividing BMI into FMI and FFMI. 26 In addition, S4SF and %BF did not change significantly in this study, as was similarly observed in previous studies. 16, 45, 46 This suggests that these measures may not be the most appropriate for use in this age group and highlights the importance of normalizing body fat for height. 47 The advantages of this study include a prospective design, a representative study population with sufficiently high response and follow-up rates, and a systematic assignment of GI values based on an updated and more representative GI table. However, there are also several limitations. First, as dietary data were obtained from a diet history interview, which measures only the memory and perception of usual diet, they may be particularly vulnerable to some systematic biases (for example, exaggeration of good foods and underreporting of bad foods). In addition, despite acceptable validity at the group level at least for EI, the diet history interview is clearly prone to considerable problems of bias at the individual level. 28 More importantly, the validity of dietary GI and GL as well as other nutrients derived from this dietary assessment method is unknown. We therefore treated all dietary data as categorical variables (tertiles) instead of continuous variables, given that validity is usually better at the group level. However, at least for the prospective analysis, any potential bias in the reporting of dietary intake at baseline should be independent of the subsequent measures of body composition. Further, a random error potentially introduced by misclassification would tend to dilute or even hide true associations. The associations between baseline GI and changes in body composition measures observed here may therefore be expected to be conservative estimates of the true associations. Second, %BF, FMI and FFMI were estimated from skinfold thickness measurements, which are known to be more susceptible to measurement error than specialized research-based techniques, such as dual-energy X-ray absorptiometry. 48 Finally, although we adjusted for a variety of potential confounding variables, residual confounding could not be ruled out.
In conclusion, this prospective study in a representative sample of Northern Irish adolescents showed that dietary GI at age 12 years was positively associated with change in FMI between ages 12 and 15 years, whereas dietary GL was not associated with changes in any of the body composition measures examined. It is suggested that lowering GI in the habitual diet is an effective strategy for the future development of obesity during adolescence, at least among populations possessing dietary patterns that are similar to those observed in the present population. Values are Spearman's correlation coefficients calculated using energy-adjusted values (i.e., % of energy for energy-providing nutrients and amount per 10 MJ of energy for dietary GL, fiber and foods) except for energy and dietary GI (for which crude values were used). Dietary GI and GL were calculated on the basis of GI of glucose ¼ 100. Baseline data were collected when the participants were 12 years old, while follow-up data were collceted when they were 15 years old. Changes were calculated as follow-up values minus baseline values. However, given the diversity of the associations of dietary GI and GL with food and nutrient intake, 18, [40] [41] [42] and body composition measures, [12] [13] [14] [15] [16] [17] 19, [37] [38] [39] further prospective research among different populations is needed so that firm conclusions can be drawn with regard to the effect of dietary GI and GL on the development of obesity. , continuous), physical activity score at baseline (continuous), ratio of energy intake to estimated energy requirement at baseline (continuous), baseline body composition values (BMI (natural log transformed), BMI z-score, S4SF (natural log transformed), %BF, FMI (natural log transformed), or FFMI (natural log transformed); continuous), baseline intakes (tertiles) of protein (% of energy) and dietary fiber (g per 10 MJ), smoking status at follow-up (yes or no), and physical activity score at follow-up (continuous). e Further adjusted for baseline intake of total fat (% of energy, tertile). f Further adjusted for baseline intake of total fat (% of energy, tertile), baseline dietary GI (tertile), changes (tertiles) in intakes of protein (% of energy), total fat (% of energy) and dietary fiber (g per 10 MJ), and ratio of energy intake to estimated energy requirement at follow-up (continuous). g Further adjusted for baseline dietary GL (per 10 MJ, tertile), changes (tertiles) in intakes of protein (% of energy) and dietary fiber (g per 10 MJ), and ratio of energy intake to estimated energy requirement at follow-up (continuous).
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